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Detecting supernova νe is essential for testing supernova and neutrino physics, but the yields are
small and the backgrounds from other channels large, e.g., ∼ 102 and ∼ 104 events, respectively, in
Super-Kamiokande. We develop a new way to isolate supernova νe, using gadolinium-loaded water
Cherenkov detectors. The forward-peaked nature of νe + e
− → νe + e− allows an angular cut that
contains the majority of events. Even in a narrow cone, near-isotropic inverse beta events, ν¯e + p→
e+ + n, are a large background. With neutron detection by radiative capture on gadolinium, these
background events can be individually identified with high efficiency. The remaining backgrounds are
smaller and can be measured separately, so they can be statistically subtracted. Super-Kamiokande
with gadolinium could measure the total and average energy of supernova νe with ∼ 20% precision
or better each (90% C.L.). Hyper-Kamiokande with gadolinium could improve this by a factor of
∼ 5. This precision will allow powerful tests of supernova neutrino emission, neutrino mixing, and
exotic physics. Unless very large liquid argon or liquid scintillator detectors are built, this is the
only way to guarantee precise measurements of supernova νe.
PACS numbers: 95.85.Ry, 97.60.Bw, 14.60.Lm, 14.60.St
I. INTRODUCTION
Supernovae are one of the most spectacular electro-
magnetic displays in the Universe. Understanding them
is essential for many areas of physics and astrophysics.
Core-collapse supernovae are massive stars (& 8M)
that, at the end of their burning cycles, collapse un-
der gravity to form a neutron star or black hole [1–8].
These collapses are potential sites for gravitational-wave
production [9–11], gamma-ray bursts [12], heavy-element
nucleosynthesis [13, 14], and cosmic-ray acceleration [15].
It is difficult to learn about the core properties and
collapse mechanism using electromagnetic light curves,
as the surface of last scattering of photons is in the outer
envelope. Neutrinos, on the other hand, being weakly
interacting, have their surface of last scattering much
deeper inside, within the core. Neutrinos carry about
∼ 99% of the binding energy released during the col-
lapse of the star. Precise measurements of all flavors of
neutrinos can provide much information about a super-
nova [16–34].
The only supernova neutrinos ever detected were from
SN 1987A [35, 36]. Even this modest data has been
invaluable for understanding neutrinos and supernovae.
Only ν¯e were detected, through the inverse beta chan-
nel, ν¯e + p→ e+ + n, leading to, e.g., constraints on the
total and average energy in this flavor [37–40]. (We as-
sume that the first event was not due to neutrino-electron
elastic scattering, which has a very small probability.)
Computer simulations of supernova explosions have de-
tailed predictions about the neutrino emission, but, due
to the lack of a high-statistics Galactic supernova, it is
not possible to adequately test these [41–49]. It is im-
portant to detect all flavors of neutrinos to measure the
total and average energy in each. Because the differences
between flavors may be modest, large numbers of events
must be detected to ensure adequate precision.
Galactic supernovae occur only once every ∼ 30 years.
It is essential that a variety of detectors be ready to detect
all flavors of neutrinos well to understand the physics and
astrophysics of core-collapse supernovae. Using present
detectors, it will be easy to measure supernova ν¯e and
νx, via inverse beta and elastic scattering on protons,
respectively [50–53]. Unless very large liquid argon [54,
55] or liquid scintillator detectors [56, 57] are built, or
other techniques become experimentally viable [58–63],
there is presently no way to guarantee the clean detection
of supernova νe in adequate numbers. The difficulties of
measuring the νe spectrum well enough have long been
known; e.g., see Refs. [64–71].
Here we show how this problem could be solved by
using gadolinium (Gd) in Super-Kamiokande (Super-K)
and other large water Cherenkov detectors. The addition
of Gd to Super-K was proposed to improve the detection
of ν¯e. Ironically, this would also improve the detection of
νe. We add new ideas to those briefly noted in Ref. [72]
and perform the first detailed calculations, showing how
supernova νe could be measured precisely.
The principal technique is to use neutrino-electron
scattering, νe + e
− → νe + e−. These events are forward-
peaked, so a narrow cone contains the majority of them.
The largest background is from inverse beta events. The
use of Gd to detect neutrons will help in individually
detecting and removing these events with high efficiency.
The spectrum of ν¯e will be measured precisely so that the
remaining inverse beta and ν¯e + e
− scattering events can
be statistically subtracted from the forward cone. Liq-
uid scintillator detectors can detect νx (= νµ + ντ ) well
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2enough through ν + p→ ν + p scattering, so the νx + e−
scattering events can be statistically subtracted.
In addition, we show how gadolinium will improve the
prospects for measuring νe charged-current interactions
with oxygen. This channel is only important if the av-
erage energy of νe is large, either intrinsically, or due
to efficient mixing with sufficiently hot νx. Recent su-
pernova simulations suggest that none of the flavors has
a large average energy, and that the differences between
flavors are modest, so that these interactions with oxygen
may not be important. In contrast, the neutrino-electron
scattering events would be measured well in all scenarios
if Gd is used to reduce backgrounds.
Detecting supernova νe will be helpful in constructing
the initial spectrum of these neutrinos, testing neutrino
mixing scenarios, and probing exotic physics. We concen-
trate on detecting the νe emitted during the full duration
of the burst; however, this technique could also help in
detecting the short neutronization burst νe in Mton wa-
ter Cherenkov detectors [73].
The outline for this article is as follows. In Sec. II, we
discuss the various theoretical and experimental inputs
required to isolate supernova νe. In Sec. III, we discuss
how this can constrain the νe spectrum parameters, and
we conclude in Sec. IV.
II. CALCULATION INPUTS
We first discuss the neutrino spectra from a supernova,
followed by the various detection channels in a water
Cherenkov detector. We then outline the detection strat-
egy that we propose to use to detect supernova νe in a
water Cherenkov detector with gadolinium.
A. Supernova Neutrino Spectra
A supernova neutrino burst lasts for ∼ 10 sec and in-
cludes all flavors of neutrinos. The total binding energy
released in the explosion is ∼ 3 × 1053 erg. We assume
that the total energy is equipartitioned between the 6
species so that the total energy carried by each ν (or ν¯)
flavor is ∼ 5 × 1052 erg. The supernova is assumed to
be at a distance of 10 kpc, the median distance of core
collapse progenitor stars in our Galaxy, which is slightly
farther than the distance to the Galactic Center [74].
Supernova neutrinos are emitted in a quasi-thermal
distribution. For concreteness, we take a particular mod-
ified Maxwell-Boltzmann spectrum [75, 76],
f(Eν) =
128
3
E3ν
〈Eν〉4 exp
(
− 4Eν〈Eν〉
)
, (1)
where this is normalized to unity. Using a regular
Maxwell-Boltzmann or a Fermi-Dirac spectrum with the
same average energy gives more neutrinos at high ener-
gies. For the electron-scattering and inverse-beta chan-
nels, the increased number of events is . 5%. For the
oxygen channel, which depends very sensitively on neu-
trino energy, the number of events can increase by∼ 50%.
Our choice of spectrum is conservative and our results can
only improve if other neutrino spectra are appropriate.
For the average energies of the initial spectra, we take
〈Eνe〉 ≈ 11 – 12 MeV, 〈Eν¯e〉 ≈ 14 – 15 MeV, and
〈Eνx〉 ≈ 15 – 18 MeV; the hierarchy follows from the
different strengths of interaction in the supernova core.
Neutrino mixing effects in the supernova [77–86] or in
Earth [67, 87, 88] can have a dramatic effect on the final
spectra, even exchanging them. Then the νe (or ν¯e) spec-
trum could have an average energy of ∼ 15 – 18 MeV,
increasing the yields of charged-current detection chan-
nels. (The yields of neutral-current detection channels
do not change for active-flavor mixing.) To tell how effi-
cient the mixing is, we need to measure the νe detection
spectra precisely.
A model independent neutrino signal from a super-
nova is the neutronization burst, which consists of a short
pulse (∼ 25 msec) of initially pure νe before the ∼ 10 sec
emission of neutrinos of all flavors [73]. Depending on
the neutrino mixing scenario, the number of neutroniza-
tion νe detected in a Mton water Cherenkov detector for
a Galactic supernova is ∼ 30 – 100 [73, 89]. Our detec-
tion strategy will also be useful in this case. In Super-
Kamiokande (fiducial volume 32 kton), the number of
events due to neutronisation νe is only ∼ O(1).
B. Neutrino Detection Interactions
All flavors of neutrinos and antineutrinos can be de-
tected with the ν + e− → ν + e− channel. The recoil
kinetic energy of the scattered electron varies between
0 and 2E2ν/(me + 2Eν). The forward-scattered electron
makes an angle α with the incoming neutrino given by
cos α =
√
Te/(Te + 2me)(Eν +me)/Eν , where Te is the
kinetic energy of the recoil electron.
The differential cross section for neutrino-electron elas-
tic scattering is [90]
dσ
dTe
=
G2Fme
2pi
[
(gV + gA)
2 + (gV − gA)2
(
1− Te
Eν
)2
+ (g2A − g2V )
meTe
E2ν
]
, (2)
where GF is the Fermi coupling constant, gV = 2
sin2θW ± 1/2 for νe and νx, respectively, and gA = ±1/2
for νe and νx, respectively. For anti-neutrinos,
gA → −gA. When integrated over Te, the total cross
section σ(Eν) ∝ meEν .
Only ν¯e were detected from SN 1987A, via the inverse
beta reaction, ν¯e + p → e+ + n, where p denotes free
hydrogen (protons) in water and the positrons are emit-
ted almost isotropically. The cross section for this pro-
cess is σ(Eν) ' 0.0952× 10−42(Eν − 1.3)2(1− 7Eν/mp)
3cm2 where mp is the proton mass, the energies are in
MeV, the threshold of the reaction is Eν > 1.8 MeV, and
Te ' Eν − 1.8 MeV [50, 51].
The neutron thermalizes by elastic collisions and is
captured on protons as n + p → d + γ in about 200 µs.
The emitted gamma ray has an energy of 2.2 MeV, which
cannot be reliably detected in Super-K due to low-energy
detector backgrounds [91]. To unambiguously detect the
emitted neutron, it has been proposed to add Gd to large
water Cherenkov detectors. Then the neutron will be
thermalized and captured on Gd in about 20 µs, leading
to a 3 – 4 gamma rays with a total energy of about 8
MeV, which is easily detectable in Super-K [72].
Electron neutrinos can also be detected in water
Cherenkov detectors by νe+
16O → e−+16F∗ [64], where
most of the final-state decay products of the excited
16F∗ nucleus are not detectable. The threshold for
this reaction is ≈ 15 MeV, and the electron kinetic
energy is Te ≈ Eν − 15 MeV. In the energy range
25 MeV ≤ Eν ≤ 100 MeV, the cross-section is given by
σ(Eν) ≈ 4.7× 10−40(E0.25ν − 150.25)6 cm2, for energies in
MeV [64, 92]. The angular distribution of the electrons
is slightly backward tilted. The steep energy dependence
of the cross section means that νe can only be detected
well if the average energy is large, say due to mixing.
We neglect other neutrino interactions with oxygen (ν¯e
charged-current [64] and all-flavor neutral-current [93]),
as they are not our focus and their yields are small com-
pared to that from the inverse beta channel.
The time-integrated flux for single neutrino flavor is
dF
dEν
=
1
4pid2
Etotν
〈Eν〉f(Eν) , (3)
where Etotν denotes the total energy in that ν flavor and
d is the distance to the supernova. The observed event
TABLE I. Expected numbers of events in Super-K for a Galac-
tic supernova at a distance of 10 kpc for different values of
the neutrino average energy (we do not round the numbers
so that small differences remain visible). The total energy of
the supernova is assumed to be 3× 1053 erg, equipartitioned
among all flavors (here νx = νµ+ντ ). The detection threshold
during a burst is assumed to be Te = 3 MeV. Other interac-
tions with oxygen are neglected because their yields are small
compared to that of inverse beta decay.
Detection channel 12 MeV 15 MeV 18 MeV
νe + e
− → νe + e− 188 203 212
ν¯e + e
− → ν¯e + e− 56 64 70
νx + e
− → νx + e− 60 64 68
ν¯x + e
− → ν¯x + e− 48 54 56
νe+
16O → e−+16F∗ 16 70 202
ν¯e + p→ e+ + n 5662 7071 8345
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FIG. 1. Electron spectra for the ν + e− → ν + e− detection
channels for a supernova in Super-K. These are just the events
in the forward 40◦ cone (∼ 68% of the total). We take 〈Eνe〉 =
12 MeV, 〈Eν¯e〉 = 15 MeV, and 〈Eνx〉 = 18 MeV; the other
assumptions are listed in Table I.
spectrum in the detector is
dN
dTe
= NT
∫ ∞
Emin
dEν
dF
dEν
(Eν)
dσ
dTe
(Eν , Te) , (4)
where NT is the appropriate number of targets. For a
larger average energy, the thermally-averaged cross sec-
tion is larger, but the flux is smaller (because the total
energy is taken to be fixed). For neutrino-electron scat-
tering, these effects nearly cancel, making the total num-
ber of events almost insensitive to the average energy.
The shape of the electron recoil spectrum does change,
which provides sensitivity to the average energy.
Table I shows the expected number of events in Super-
K for these reactions under different assumptions about
the neutrino average energy. For additional details about
the detection of neutrinos from a Galactic supernova in
water Cherenkov detectors, see the references already
cited as well as Refs. [94–96].
C. Proposed Detection Strategy
We focus on Super-K, the largest detector with low
intrinsic backgrounds [97]. We assume that supernova
events can be detected in the full inner volume of 32
kton. Super-K measures the energy, position, and direc-
tion of charged particles with very high efficiency. During
a burst, detector backgrounds can be ignored. There is
extensive ongoing research on employing Gd in Super-
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FIG. 2. Detectable electron (or positron) spectra in Super-K without or with Gd. The two panels consider different cases for
〈Eνe〉 after neutrino mixing. Other parameters, including 〈Eν¯e〉 = 15 MeV, are as in Fig. 1. Left Panel: For Case (A) with
〈Eνe〉 = 12 MeV, we focus on the νe + e− signal (solid line) in the forward 40◦ cone. The dotted line shows the large inverse
beta background without Gd, and the dashed lines show the most important backgrounds with Gd. Right panel: For Case
(B) with 〈Eνe〉 = 18 MeV, we focus on the νe+16O signal (solid line) in the region complementary to the forward 25◦ cone
(note the different angle). The inverse beta background without Gd is too large to show, and dashed line shows this background
with Gd. Here the signal and background are both due to the Galactic supernova.
K [72, 98, 99]. The efficiency of neutron capture on Gd
will be known from calibration data.
We employ the νe + e
− → νe + e− reaction to de-
tect the νe and look for the forward-scattered electrons.
Knowing the direction of the Galactic supernova, if we
make an angular cut of half-angle 40◦ (appropriate for
the lowest energy νe + e
− events [97]), then ∼ 68% of
the electron-scattering events will be in that cone. The
forward-scattered electrons can also locate the supernova
to within a few degrees [74, 92, 100, 101].
Fig. 1 shows the recoil spectra for neutrino-electron
scattering for all flavors. (We use kinetic energy, but
Super-Kamiokande conventionally uses the total energy,
Ee = Te + me). Because the energy range is so broad,
the effects of energy resolution smearing (∼ 15% near 10
MeV) were found to be modest, and are not included. As
can be seen from the figure, νe has the largest number
of events. This is important, because the other flavors
of neutrino-electron scattering events are an irreducible
background to the νe + e
− events.
The largest number of events will be due to the in-
verse beta reaction, which is almost isotropic. Neutron
detection on Gd will individually identify ∼ 90% of these
events. The very large number of events will determine
the ν¯e parameters precisely (∼ 1% with ∼ 104 events),
which will be used to statistically subtract the remaining
inverse beta events. Events from other detection chan-
nels can also be statistically subtracted.
III. SUPERNOVA νe DETECTION AND
CONSTRAINTS
We first discuss the typically-assumed range of super-
nova neutrino spectrum parameters and show spectra for
some representative neutrino mixing scenarios. We then
calculate fits for the neutrino spectrum parameters and
show the results for these and other cases.
A. Calculated Detection Spectra
Several cases can be considered for the initial spectra
and how they are changed by neutrino mixing. Our fo-
cus is on testing the νe sector. We first note the two
extreme cases that we want to differentiate and then
mention some other possibilities. There are also cases
intermediate between the extremes we note. We do not
try to identify these cases in terms of active-flavor neu-
trino mixing scenarios, given the large uncertainties in
the problem, especially in the initial neutrino spectra.
Our focus on improving the measurements, and the in-
terpretation in terms of supernova emission and neutrino
mixing will come once there is a detection.
Case (A) has 〈Eνe〉 ≈ 12 MeV and 〈Eνx〉 ≈ 15 – 18
MeV, i.e., there is a hierarchy of average energies be-
tween the flavors initially and neutrino mixing has not
interchanged them (other assumptions are as above).
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FIG. 3. Detectable electron spectra in Super-K, ignoring backgrounds, for different assumed average energies for νe (12, 15,
and 18 MeV) to show variants of the signals in Fig. 2. All spectra scale linearly with changes in the assumed total energy in
νe. Other assumptions as above. Note axis changes from Fig. 2. Left Panel: For the νe + e
− channel in the forward 40◦ cone.
Right Panel: For the νe+
16O channel in the region complementary to the forward 25◦ cone.
Case (B) has 〈Eνe〉 ≈ 15 – 18 MeV and one flavor
of νx has 〈Eνx〉 ≈ 12 MeV (the other flavors of νx have
〈Eνx〉 ≈ 15 – 18 MeV), i.e., there is a hierarchy of average
energies between the flavors initially and neutrino mixing
has interchanged them.
If the average energy of νx were large and mixing was
effective at exchanging the spectra of antineutrinos in-
stead of neutrinos, this would be evident in the ν¯e + p
spectrum; this is disfavored by the SN 1987A data. If all
flavors had a low average energy, this would be evident in
the ν¯e+p and ν+p spectra (because the ν+p channel is
a neutral-current interaction, its yield is not changed by
active-flavor mixing). The yields of these and other chan-
nels can decide everything except the differences between
Cases (A) and (B). That’s the open problem: What is the
νe spectrum?
When the νe average energy is high, νe+
16O is a good
detection channel; otherwise, it gives no useful signal
because the yields are too small to be detected in the
presence of backgrounds. Typical average energies from
supernova simulations are markedly lower than the val-
ues assumed a decade or two ago, so νe+
16O is now a
much less favorable channel. Besides νe+e
− in Super-K,
there is no other detection channel in any existing detec-
tor that produces enough identifiable νe events when the
average energy is low. The yield of νe+e
− barely changes
with changes in the average energy. Another important
change from a decade or two ago is that much lower ener-
gies can be detected, which improves the spectrum shape
tests.
The main background for these reactions is the in-
verse beta events. Some of these numerous events can
be removed using an angular cut, but they still pose a
formidable background. This is shown in the left panel in
Fig. 2 for the same average energies as in Fig. 1. There
are ∼ 128 νe + e− events in the 40◦ cone, but this is
swamped by ∼ 827 inverse beta events. In the absence
of neutron tagging, it will be difficult to extract the νe
signal from this background.
However, adding Gd to Super-K has a dramatic effect.
Assuming that the efficiency of neutron detection in a
Gd-loaded Super-K is 90%, the inverse beta background
will decrease to 83 events. This strongly improves the
detection prospects of νe. The ν¯e spectrum will be well
measured by cleanly-identified inverse beta decay events
using neutron detection by Gd. This will allow statistical
subtraction of the backgrounds due to ν¯e + e
− and the
remaining ν¯e+p events. Liquid scintillator detectors will
measure the spectrum of νx from the ν+p channel, which
is most sensitive to the flavors with the highest average
energies. This will allow statistical subtraction of the
backgrounds due to the νx + e
− channel. These subtrac-
tions only lead to modest increases in the uncertainties
of the spectrum shown in the left panel of Fig. 2.
The νe+
16O channel is only useful if the νe average en-
ergy is large, as otherwise the yield is too small. Even for
a νe average energy of 18 MeV, the backgrounds are still
important. There are ∼ 200 signal events in the whole
detector. Excluding a forward cone of 25◦, ∼ 190 events
remain. (The different choice of angle for the forward
cone is because now we focus on higher energies, for which
the angular resolution is better.) In a detector without
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FIG. 4. Allowed regions (90% C.L. ∆χ2 contours) for the νe spectrum parameters determined from the νe + e
− and νe+16O
channels separately. The combined constraints (not shown) closely follow what would be expected visually. The two panels are
for different cases (fiducial parameters marked by an x), matching those of Fig. 2. Dashed lines indicate the contours when Gd
is not used, and solid lines show the improvements when Gd is used. Left Panel: When the νe average energy is small, here
12 MeV, the νe + e
− channel gives a closed allowed region but the νe+16O channel only defines upper limits. Right Panel:
When the νe average energy is large, here 18 MeV, both channels give closed allowed regions.
Gd, these would be overwhelmed by the ∼ 7071 inverse
beta events, but neutron tagging by Gd will dramatically
reduce this background. This situation is shown in the
right panel in Fig. 2. Again assuming an efficiency of 90%
in neutron tagging in a Gd-loaded Super-K, only ∼ 707
of the inverse beta events will remain. This enormous
reduction in background will greatly help in isolating the
νe+
16O signal.
Fig. 3 shows how the detection spectra for νe+ e
− and
νe+
16O change with different assumptions about the νe
average energy. The yield for νe + e
− elastic scattering
depends only weakly on the average energy but that for
νe+
16O reaction changes dramatically. See also Table I.
Both channels also have characteristic spectrum changes
as the average energy changes, as shown in Fig. 3.
B. Fits for Neutrino Spectrum Parameters
The detection spectra in Fig. 2 show that adding Gd
to Super-K will greatly reduce backgrounds for supernova
νe. We quantify the improvement in the determination
of the νe spectrum parameters, 〈Eνe〉 and Etotνe , by con-
structing a χ2 and performing fits. We use
χ2 =
∑
i
(Oi(〈Eνe〉0, Etot,0νe )− Ti(〈Eνe〉, Etotνe )
σi
)2
, (5)
where Oi(〈Eνe〉0, Etot,0νe ) are the numbers of events in
each bin assuming the fiducial values of the parameters,
Ti(〈Eνe〉, Etotνe ) are the same allowing different values, and
σi are the uncertainties on the fiducial numbers.
Because all spectra except νe will be well measured
separately, here we only need to fit for the νe spectrum
parameters. That is, we fit spectra like those in Fig. 3
after the remaining backgrounds shown in Fig. 2 have
been statistically subtracted. In the χ2 calculation, the
numbers of events in the numerator are only those of the
signals; the backgrounds affect the results by increasing
the uncertainties in the denominator, which depend on
the numbers of signal plus background events.
Put another way, if we set up a χ2 for the data before
the statistical subtractions (Fig. 2 instead Fig. 3), then
the contributions from flavors besides νe would cancel in
the numerator but not the denominator. More precisely,
those cancelations would occur only on average if typical
statistical fluctuations were included.
To determine the allowed regions of parameters when a
supernova is detected, we calculate ∆χ2 relative to var-
ious assumed best-fit cases (using ∆χ2 = 4.6 for two
degrees of freedom to obtain the 90% C.L. regions).
Our results indicate the likely size and shape of the
allowed regions once a supernova is detected. We make
some reasonable approximations. The uncertainties on
the initial spectra and the effects of neutrino mixing are
large, and the uncertainties on the neutrino cross sec-
tions are moderate. In addition, we are considering only
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FIG. 5. Allowed regions (90% C.L. ∆χ2 contours) for the
νe spectrum parameters determined from the νe + e
− and
νe+
16O channels jointly. Two examples of fiducial parameters
(〈Eνe〉0 = 11 MeV and 〈Eνe〉0 = 15 MeV) are each marked
with an x. The corresponding fit regions are shown without
and with Gd.
the time-averaged emission, whereas the average energies
may vary during the burst. The widths of the bins were
chosen to have approximately equal numbers of νe + e
−
events in each bin (at least ' 10 events per bin). The
numbers of events are then large enough that the Poisson
uncertainties can be treated as Gaussian.
In Case (A) from above, there is a hierarchy between
the average energies of different flavors, but their spectra
are not interchanged by mixing, so the average energy of
νe is low. We take 〈Eνe〉0 = 12 MeV and Etot,0νe = 5×1052
erg as fiducial parameters for this case.
If these are the true parameters of the supernova, then
the left panel of Fig. 4 shows the likely precision with
which the parameters would be reconstructed from the
measured data in Super-K without or with Gd. In this
case, the primary constraint comes from the νe + e
−
channel. The νe+
16O channel does not have enough
events relative to the backgrounds, though large values
of 〈Eνe〉 can be excluded by the non-observation of a sig-
nificant number of events. The presence of Gd reduces
the size of the allowed region significantly. With both
channels together, the allowed region would be centered
on 〈Eνe〉 = 12 MeV and would range from roughly 9 to
14 MeV. Thus, with Gd, it would be possible to say that
〈Eνe〉 is different from 〈Eν¯e〉 (which could be 15 MeV
with ∼ 1% precision). This would not be possible with-
out Gd, so this is an important difference.
In Case (B) from above, there is a hierarchy between
the average energies of different flavors, and their spectra
are interchanged by mixing, so the average energy of νe
is high. We take 〈Eνe〉0 = 18 MeV and Etot,0νe = 5× 1052
erg as fiducial parameters for this case.
If these are the true parameters of the supernova, then
the right panel of Fig. 4 shows the likely precision with
which the parameters would be reconstructed from the
measured data in Super-K without or with Gd. In this
case, both channels have enough events to define allowed
regions. The steep energy dependence of the νe+
16O
cross section gives a precise measurement of the average
energy, though the large backgrounds and uncertainties
mean that the total energy is not well determined. As be-
fore, the presence of Gd improves the precision, especially
for the νe + e
− channel. With both channels together,
the allowed region would be very small. It would be easy
to distinguish Case (A) and Case (B); Gd would greatly
improve the significance of this comparison.
The presence of Gd is even more important when the
neutrino average energies are closer to each other. This
is seen in some simulations, e.g., Ref. [43], where 〈Eνe〉 ≈
11 MeV, and 〈Eν¯e〉 ≈ 〈Eνx〉 ≈ 15 MeV. Due to the less
pronounced hierarchy, it will be much harder to distin-
guish scenarios like Case (A) and Case (B).
Fig. 5 shows our results (joint constraints using both
channels) for the allowed regions of the νe spectrum pa-
rameters. In this case, the presence of Gd does not com-
pletely separate the 90% C.L. contours, but it comes very
close. Without Gd, the two allowed regions cannot be
separated at all, which would significantly degrade the
ability to test the physics.
Recent long-term simulations show that the average
energy of the neutrinos can change during the ∼ 10 sec
emission time [23, 102, 103]. The average energy of νe
typically changes from ∼ 12 MeV to ∼ 6 MeV. For a de-
tector like Super-Kamiokande, it might be difficult to de-
tect this change of average energy. For a future detector
like Hyper-Kamiokande, which will have better precision
the spectral properties (see later), such a difference could
distinguished.
IV. CONCLUSIONS
When the next Galactic supernova occurs, it is essen-
tial that we have a collection of detectors that can mea-
sure all neutrino flavors well. Without this, we will be
unable to fully address many important questions. What
is the total energy emitted in neutrinos and how is it par-
titioned among flavors? Are the average energies of the
various flavors different? What do these results say about
neutrino mixing and tests of exotic physics? What do the
differences between ν¯e and νe emission tell us about the
neutron-to-proton ratio of the collapsing core?
At present, the only detector with a relatively large
yield of νe events is Super-K. Even so, this is only ∼
102 events using the νe + e
− channel. If the average
energy of νe is large enough, then the νe+
16O channel
will have a comparable number of events. The problem
8is the background of ∼ 104 events from the inverse beta
channel, ν¯e + p. This background can be reduced for
νe + e
− using an angular cut, but not enough.
We demonstrate in detail a new technique to reduce
backgrounds for both the νe + e
− and νe+16O channels.
If Super-K adds Gd to improve the detection of ν¯e + p,
then ∼ 90% of these events will be individually identified
through detection of the neutron radiative capture on Gd
in close time and space coincidence with the positron.
This would dramatically reduce backgrounds for other
channels. The remaining backgrounds can be statistically
subtracted using independent measurements.
We show that the νe spectrum parameters, 〈Eνe〉 (av-
erage energy) and Etotνe (total energy), can be measured
to ∼ 20% or better if Super-K adds Gd. This is a signifi-
cant improvement over the capabilities of Super-K with-
out Gd. (For comparison, the precision for νx in existing
scintillator detectors is comparable, and the precision for
ν¯e in Super-K will be ∼ 1%.) Further, this improvement
could be the difference between being able to answer es-
sential questions or not. Unless very large liquid argon
or liquid scintillator detectors are built, then we have no
other way to adequately measure the νe spectrum.
Future extremely large water Cherenkov detectors like
Hyper-Kamiokande would have a dramatic impact on de-
tecting supernova νe using this technique. The ∼ 25
times larger volume would reduce the uncertainty on the
νe parameters by factor of ∼
√
25 = 5. This requires us-
ing Gd in Hyper-Kamiokande, the prospects of which are
prominently considered [104]. (This would also require a
new very large liquid scintillator detector [56, 57] to for
improved measurements of νx using the ν + p channel.)
This new method of determining supernova νe would
help improve our understanding of supernovae and neu-
trinos in many ways. It provides yet another motivation
for Super-K to add Gd. Given how infrequent Galac-
tic supernovae are, it is essential that the opportunity to
measure νe well not be missed.
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